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Edited by Judit Ova´diAbstract 5-Enolpyruvylshikimate-3-phosphate (EPSP) syn-
thase (AroA) is a key enzyme in the aromatic amino acid biosyn-
thetic pathway in microorganisms and plants, and is the target of
the herbicide glyphosate. Glyphosate tolerance activity of the en-
zyme could be obtained by natural occurrence or by site-directed
mutagenesis. A functional Pseudomonas putida AroA was ob-
tained by co-expression of two protein fragments AroAP. putida-
N210 and AroAP. putida-C212 in Escherichia coli aroA mutant
strain AB2829. From sequence analysis, the equivalent split site
on E. coli AroA was chosen for further study. The result indi-
cated that functional E. coli AroA could also be reconstituted
from two protein fragments AroAE. coli-N218 and AroAE. coli-
C219, under both in vivo and in vitro conditions. This result sug-
gested that the fragment complementation property of this fam-
ily of enzyme may be general. Additional experiments indicated
that the glyphosate tolerance property of AroA could also be
reconstituted in parallel with its enzyme activity. The implication
of this ﬁnding is discussed.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Glyphosate is a broad-spectrum herbicide that blocks plant
growth by inhibiting 5-enolpyruvylshikimate-3-phosphate
(EPSP) synthase [1] (EPSPS, also designated as AroA; EC
2.5.1.19). AroA is a key enzyme involved in aromatic amino
acid biosynthesis in bacteria, fungi, and higher plants [2]. It cat-
alyzes the reversible condensation of shikimate-3-phosphate
(S3P) and phosphoenolpyruvate (PEP) to yield EPSP and inor-
ganic phosphate [3]. Glyphosate, an analog of PEP, binds to the
binding site for PEP on the AroA enzyme and blocks enzyme
activity by forming a stable ternary complex with AroA and
the other substrate, S3P (AroA Æ S3P Æ glyphosate) [4].
Two types of glyphosate-tolerant AroAs have been reported.
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doi:10.1016/j.febslet.2006.01.075erant form by introducing a point mutation (such as AroA-
G96A from Escherichia coli and AroA-P101S from Salmonella
typhimurium) [5,6]. Another type of glyphosate-tolerant AroA
(such as AroA from Pseudomonas putida 4G-1 and AroA from
Agrobacterium sp. CP4) were directly isolated from glyphosate
tolerant strains [7,8].
Proteins reconstituted from fragments produced by limited
proteolytic cleavage or genetic methods have been studied un-
der both in vivo and in vitro conditions [9–13]. Successful
reconstitution implies that the internal complementarity must
be highly self-selective to overcome competing interactions
with other protein sequences [14].
Previous studies showed that the enzyme activity of AroA
could be reconstituted from two inactive fragments using in-
tein as an aﬃnity domain in vivo [15]. In this study, we dem-
onstrate, for ﬁrst time, that the AroA enzyme and its
glyphosate tolerance activities could be directly reconstituted
from two separate inactive AroA fragments under both
in vivo and in vitro conditions.2. Materials and methods
2.1. Medium and chemicals
S3P (barium) was a gift from Professor Nikolaus Amrhein (ETH,
Zurich, Switzerland). Glyphosate free acid form and phosphoenolpyr-
uvate (PEP) were purchased from Sigma. Minimal medium used for
testing complementation in vivo was M63 [16] supplemented with
0.4% glucose as carbon source, plus appropriate antibiotics.2.2. Plasmid constructions
All of the constructed plasmids are listed in Table 1.2.3. Preparation of crude enzymes
Escherichia coli aroA mutant strain AB2829 [17] containing diﬀerent
plasmids were grown in 300 ml LB broth to a cell density of
OD600 = 2.5. The cell pellets were collected and resuspended in 30 ml
buﬀer A (50 mM Tris buﬀer (pH 7.8), 0.4 mM dithiothreitol). After ly-
sis and centrifugation, ammonium sulfate was added into the superna-
tants. The fractions between 50% and 70% saturation of ammonium
sulfate were collected and dissolved in buﬀer A. The samples were dia-
lyzed overnight in buﬀer A.2.4. Western blot analysis of AroA fragments
The proteins were applied to a 16% SDS/polyacrylamide gel, and
separated polypeptides were analyzed using immunoblots. The
immunoblots were probed with 1:2000 dilution of AroA rabbit
polyclonal antibody. The antibody-antigen complex was visualized
with alkaline phosphatase conjugated to goat anti-rabbit IgG
(Promega).blished by Elsevier B.V. All rights reserved.
Table 1
Plasmids constructed and primers used in this study
Plasmid Vector/restriction enzyme Fragment (restriction enzyme, PCR template and primers) Expressed protein
pET-aroAE. coli pET28a/NcoI and BamHI NcoI and BamHI/pACYC-aroAE. coli [7]/#1 and #2 AroAE. coli
pBR-aroAE. coli pBR322/BamHI and EcoRV BamHI/pET-aroAE. coli/#2 and #3 AroAE. coli
pACYC-aroAP. putida-N210 pACYC184/BamHI and EcoRV BamHI/pACYC-aroAP. putida[7]/#4 and #5 Amino acids 1–210 of AroAP. putida
pBR-aroAP. putida-C212 pBR-aroAE. coli/NcoI and BamHI NcoI and BamHI/pACYC-aroAP. putida/#6 and #7 Amino acids 212–431 of AroAP. putida
pACYC-aroAE. coli-N218 pACYC184/BamHI and EcoRV BamHI/pACYC-aroAE. coli/#3 and #8 Amino acids 1–218 of AroAE. coli
pACYC-aroAE. coli-N234 pACYC184/BamHI and EcoRV BamHI/pACYC-aroAE. coli/#3 and #9 Amino acids 1–234 of AroAE. coli
pBR-aroAE. coli-C219 pBR-aroAE. coli/NcoI and BamHI NcoI and BamHI/pACYC-aroAE. coli/#2 and #10 Amino acids 219–427 of AroAE. coli
pBR-aroAE. coli-C235 pBR-aroAE. coli/NcoI and BamHI NcoI and BamHI/pACYC-aroAE. coli/#2 and #11 Amino acids 235–427 of AroAE. coli
pET-aroAE. coli-N218 pET28a/NcoI and BamHI NcoI and BamHI/pACYC-aroAE. coli/#1 and #8 Amino acids 1–218 of AroAE. coli
pET-aroAE. coli-N234 pET28a/NcoI and BamHI NcoI and BamHI/pACYC-aroAE. coli/#1 and #19 Amino acids 1–234 of AroAE. coli
pET-aroAE. coli-C219 pET28a/NcoI and BamHI NcoI and BamHI/pACYC-aroAE. coli/#2 and #10 Amino acids 219–427 of AroAE. coli
pET-aroAE. coli-C235 pET28a/NcoI and BamHI NcoI and BamHI/pACYC-aroAE. coli/#2 and #11 Amino acids 235–427 of AroAE. coli
Primer sequence
#1 50-GGATCCATGGAATCCCTGACGTTACA-30
#2 50-CGGGATCCTCACTGATTTTCAATTTCAACAC-30
#3 50-TGAGTGACTGACTTTAAGAAGGAGATATAC-30
#4 50-TGAGTGACTGAAAGTGAAAGTAACAATACAG-30
#5 50-AATGGGACGCGTCGACCGTTTCATCATATACATTCCC-30
#6 50-CATGCCATGGACTATGAAGAGTTTTATTTC-30
#7 50-CGGGATCCCTTCTTCGGACAATGACAGAC-3 0
#8 50-CGGGATCCTCACTGATTTTCAATTTCAACAC-30
#9 50-CGGGATCCTCAGACAAATTGTTGATAGTGCT-30
#10 50-CATGCCATGGACTATGAAGAGTTTTATTTC-30
#11 50-CATGCCATGGGTACTTATTTGGTCGAAG-30
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Fig. 1. In vivo complementation of E. coli aroA mutant strain AB2829
by the constructs of the AroA fragments. The strain harboring
pACYC184 and pBR322 (1); pACYC-aroAP. putida and pBR322 (2);
pACYC-aroAP. putida-C628T and pBR322 (3); pACYC-aroAP. putida-
N210 and pBR-aroAP. putida-C212 (4); pACYC-aroAP. putida-N210 and
pBR322 (5), or pACYC184 and pBR-aroAP. putida-C212 (6) were tested
for growth on LB medium (A) or M63 minimal medium agar plates
(B).
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AroA enzyme activity was determined by measuring phosphate re-
lease using the malachite green dye assay method [18] as described pre-
viously [7].
2.6. Puriﬁcation of enzyme AroAE. coli
Escherichia coli BL21(DE3) harboring diﬀerent plasmids were cul-
tured at 37 C in 300 ml LB medium until OD600 = 0.75, at which time
overexpression was induced by the addition of 0.5 mM IPTG, and cell
growth was continued for another 3 h. Cells were harvested and resus-
pended in 30 ml buﬀer A. After lysis and centrifugation, ammonium
sulfate was added into the supernatants. The fractions between 50%
and 70% saturation of ammonium sulfate were collected and dissolved
in buﬀer A. The samples were dialyzed overnight in buﬀer A and
loaded onto a Hiload 16/60 superdex 75 gel ﬁltration column. This
process aﬀorded AroAE. coli at 90% purity by SDS–PAGE analysis.
2.7. Inclusion body isolation, puriﬁcation, solubilization and renaturation
Escherichia coli BL21 (DE3) harboring diﬀerent plasmids were cul-
tured at 37 C in 300 ml LB medium until OD600 = 1.0. Subsequently,
overexpression of the desired fragments of AroA were induced by the
addition of 0.5 mM IPTG, and cell growth was continued for another
3 h. Cells were harvested by centrifugation and resuspended in 30 ml
buﬀer A. After cell lysis, the inclusion bodies were collected by centri-
fugation at 8000 rpm. The inclusion body pellets were then washed
once in 20 ml of a buﬀer containing 50 mM Tris buﬀer (pH 7.8),
0.4 mM dithiothreitol, 1 mM EDTA and 0.1% Triton X-100; once in
20 ml of a buﬀer A with 1 M NaCl; once in 20 ml of a buﬀer A with
1 M urea. The ﬁnal pellets were solubilized in buﬀer A with 8 M urea
and then centrifuged at 8000 rpm to remove any remaining insoluble
debris. The ﬁnal protein concentration was approximately 0.2 mg/ml.
In order to refold the fragments, the solutions were dialyzed against
a buﬀer B (50 mM Tris buﬀer (pH 7.8), 1 mM GSSH and 0.1 mM
GSSG) with 6 M urea for 24 h; then against buﬀer B with 4 M urea
for 24 h; then against buﬀer B with 2 M urea for 48 h; then against buf-
fer B with 1 M urea for 24 h; then against buﬀer B with 0.5 M urea for
24 h; then against buﬀer B for 24 h; then against buﬀer A for 24 h. The
refolded extracts were centrifuged at 8000 rpm to remove re-aggre-
gated protein prior to analysis.
2.8. Growth curves
Escherichia coli aroAmutant strain AB2829 harboring plasmids were
inoculated in 3 ml of LBmedium and incubated at 37 C overnight. The
cells were collected and resuspended in M63 minimal medium. The cells
were inoculated to 25 ml M63 minimal medium supplemented with gly-
phosate at various concentrations ranging from 0 to 100 mM with an
initial OD600 of approximately 0.02. Cells were grown with shaking
at 37 C and their densities were measured at OD600.3. Results
3.1. Reconstitution of enzyme AroAP. putida in vivo
Previously, we have isolated a novel glyphosate tolerant
AroA encoding gene from a P. putida strain 4G-1 isolated
from an extreme polluted environment in China [7]. In this
study, surprisingly, we found that a mutation at position 628
of the aroAP. putida gene, converting the Arg210 codon (CGA)
into a stop codon (TGA) of the AroAP. putida protein, could
still support E. coli aroA mutant strain AB2829 for the growth
on M63 minimal media (Fig. 1). One possibility that accounts
for the above observation is that two fragments were synthe-
sized from this ‘‘middle stopped’’ mutant aroA gene, which
reconstituted the AroA enzyme activity by fragment comple-
mentation. In order to test this hypothesis, and eliminate
the possible role of translational read-through of the stop co-
don, the aroAP. putida gene was divided at nucleotides position
626. The resulting two fragments were sub-cloned and
expressed on plasmids pACYC-aroAP. putida-N210 and pBR-aroAP. putida-C212, respectively. Neither pACYC-aroAP. putida-
N210, nor pBR-aroAP. putida-C212 alone could support E. coli
aroA mutant strain AB2829 for the growth on M63 minimal
media. In contrast, when both of the two plasmids were pres-
ent in the mutant strain, it could support its growth on M63
media (Fig. 1). This result indicated that enzyme activity of Ar-
oAP. putida could be reconstituted from two individually ex-
pressed AroA protein fragments in vivo.
3.2. Reconstitution of enzyme AroAE. coli in vivo
It has been reported that AroAS. typhimurium cannot be recon-
stituted for its enzyme activity when it is split between amino
residues 235 and 236 [15]. AroAP. putida shares less than 30%
amino acid identity to other kinds of AroAs, such as
AroAE. coli and AroAS. typhimurium [7]. In order to identify the
determinants in sequences and the position of split sites of these
enzymes, further fragment complementation analysis of
AroAE. coli was carried out. Based on the results of sequence
alignment analysis among AroAP. putida, AroAS. typhimurium and
AroAE. coli, two divided enzyme complexes, AroAE. coli-N218/
AroAE. coli-C219 and AroAE. coli-N234/AroAE. coli-C235, were
chosen for the complementation test. Similar to the situation
with AroAP. putida-N210/AroAP. putida-C212, AroAE. coli-N218/
AroAE. coli-C219 can support the growth of theE. coli aroAmu-
tant strain AB2829 on M63 medium (Fig. 2). Similarly as with
AroAS. typhimurium-N235/AroAS. typhimurium-C236, AroAE. coli-
N234/AroAE. coli-C235 cannot support the growth of the
E. coli aroA mutant strain AB2829 on M63 minimal media
plates (Fig. 2). Taken together, these results suggest that the
determinant for the outcome of the enzyme reconstitution is
determined by the split site that is chosen. The eﬀect observed
may be quite general, as so far it is not a speciﬁc phenomenon
for the enzyme from a speciﬁc origin.
Under native conditions, gel ﬁltration of the complementing
extracts of AroAE. coli-N218/AroAE. coli-C219 showed that the
AroA complex formed from the two fragments migrated at the
identical position as the intact enzyme (Fig. 3). The speciﬁc en-
zyme activity of AroAE. coli-N218/AroAE. coli-C219 is about 9%
of that observed with the intact enzyme (Fig. 3). In contrast,
no traces of enzyme activity could be detected from samples
Fig. 2. In vivo complementation of E. coli aroA mutant strain AB2829
by the constructs of the AroAE. coli fragments. The strain harboring
pACYC184 and pBR322 (1); pACYC-aroAE. coli and pBR322 (2);
pACYC-aroAE. coli-N218 and pBR-aroAE. coli-C219 (3); pACYC-
aroAE. coli-N234 and pBR-aroAE. coli-C235 (4) were tested for growth
on LB medium (A) or M63 minimal medium agar plates (B).
Fig. 3. Gel ﬁltration of proteins under non-denaturing conditions. The
elution positions of size markers are shown at the top (158 kDa, bovine
gamma globulin; 44 kDa chicken ovalbumin; 17 kDa, equine myoglo-
bin).
Fig. 4. Western blot analysis of intact and split AroAE. coli. Fragments
of the expected sizes are indicated by ﬁlled arrows. In the upper part
are shown the Western blot result of whole proteins from cells and in
the lower part are proteins partially puriﬁed by ammonium sulfate
precipitation and gel ﬁltration.
1524 Y.-C. Sun et al. / FEBS Letters 580 (2006) 1521–1527obtained from AroAE. coli-N234/AroAE. coli-C235 (data not
shown).
In order to eliminate the possibility that the full-length en-
zyme may be synthesized, which in turn, may lead to the AroA
activity tested, the above partially puriﬁed products were fur-
ther analyzed by SDS/polyacrylamide gel electrophoresis,
and by Western blot analysis with AroAE. coli antibodies. As
shown in Fig. 4, one band around 23 kDa (however, this is a
doublet band, because the split site of the enzyme is located al-
most in the middle of the protein) was detected, with no evi-
dence for the presence of the full-length enzyme. In contrast,
AroAE. coli-N234 (26 kDa) and AroAE. coli-C235 (21 kDa)
could not be detected from the gel ﬁltration puriﬁed products.
In parallel, when the whole proteins from cells were analyzed,
fragments of AroAE. coli-N234 (26 kDa) and AroAE. coli-C235
(21 kDa), as well as fragments of AroAE. coli-N218 (24 kDa)
and AroAE. coli-C219 (23 kDa) could be detected by
AroAE. coli antibodies (Fig. 4).
Taken together, these results suggested AroAE. coli could be
reconstituted by fragments of AroAE. coli-N218 and
AroAE. coli-C219, but not fragments of AroAE. coli-N234
(26 kDa) and AroAE. coli-C235 (21 kDa) in vivo.3.3. Reconstitution of enzyme AroAE. coli in vitro
The fragments AroAE. coli-N218, AroAE. coli-C219,
AroAE. coli-N234 and AroAE. coli-C235 were overexpressed
and isolated from the inclusion bodies. The fragments migrated
on SDS-polyacrylamide gels as single bands corresponding to
their expected molecular weights (data not shown). These frag-
ments of AroAE. coli were further renatured and tested for their
enzyme activities. When fragments AroAE. coli-N218 and
AroAE. coli-C219 were renatured separately, they showed no en-
zyme activity. In contrast, when fragments AroAE. coli-N218
and AroAE. coli-C219 were renatured together, this renatured
mixture showed about 3.7% of intact AroAE. coli enzyme activ-
ity (Table 2). As control, no enzyme activity could be detected
when AroAE. coli-N234 and AroAE. coli-C235 were renatured
separately or together (Table 2).
The renatured mixture of AroAE. coli-N218/AroAE. coli-C219
was further analyzed by gel ﬁltration. The result showed that
an active complex with about 47 kDa could be detected, except
most proteins were in their aggregation form (with a molecule
weight larger than 158 kDa, data not shown). This 47 kDa
complex was further analyzed by SDS–PAGE. In this case, it
showed a single band at position around 23 kDa (this is a dou-
blet band, because the split site of the enzyme is located almost
in the middle of the protein, data not shown). Therefore, the
47 kDa enzyme complex puriﬁed by gel ﬁltration should be
the reconstituted complex of AroAE. coli-N218 and
AroAE. coli-C219. The reconstituted complex AroAE. coli-
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Fig. 5. Growth of E. coli aroA mutant strain AB2829 harboring
pACYC-aroAE. coli and pBR322 (h), or pACYC-aroAP. putida and
pBR322 (n), or pACYC-aroAP. putida-N210/pBR-aroAP. putida-C212
(m) in liquid M63 minimal medium supplemented with glyphosate at
the concentrations indicated.
Table 2
Kinetic properties of intact enzyme and renatured enzymea
Enzyme Speciﬁc activityb (lmol min1 mg1) Km[PEP]
c (lM) Km[S3P]
d (lM) kcat
e (s1)
AroAE. coli 32.7 ± 2.5 28.3 ± 6.2 45.4 ± 5.1 26.1 ± 2.1
AroAE. coli-N218 ND
f /g / /
AroAE. coli-C219 ND / / /
AroAE. coli-N218/AroAE. coli-C219
h 1.2 ± 0.2 / / /
AroAE. coli-N234 ND / / /
AroAE. coli-C235 ND / / /
AroAE. coli-N234/AroAE. coli-C235 ND / / /
AroAE. coli-N218/AroAE. coli-C219
i 23.8 ± 2.1 34.1 ± 5.3 49.1 ± 3.5 19.5 ± 1.8
aThe results presented are an average of two sets of experiments done in triplicate.
bSpeciﬁc activity was determined at 1.0 mM PEP and 1.0 mM S3P.
cKm[PEP] was determined by the Lineweaver–Burk method, the PEP concentration was varied from 25 to 250 lM, the S3P concentration was ﬁxed at
1 mM.
dKm[S3P] was determined by the Lineweaver–Burk method, the S3P concentration was varied from 25 to 250 lM, the PEP concentration was ﬁxed at
1 mM.
eFor kcat calculations, the molecular mass of AroAE. coli and AroAE. coli-N218/AroAE. coli-C219 used were 47 kDa.
fND means the speciﬁc enzyme activity is less than 0.1% that of intact enzyme.
g/ Means not determined.
hRenatured enzyme fragment mixture without puriﬁcation.
iRenatured enzyme complex puriﬁed with gel ﬁltration.
Y.-C. Sun et al. / FEBS Letters 580 (2006) 1521–1527 1525N218/AroAE. coli-C219 was further tested for its kinetic prop-
erties. It showed about 71% of intact enzyme activity, 74%
of intact enzyme catalytic eﬃciency, and its Km[PEP] and
Km[S3P] were similar to that of intact AroAE. coli (Table 2).
These results suggest that the fragments of AroAE. coli-N218
and AroAE. coli-C219 can form an active complex by fragment
complementation in vitro.
3.4. Reconstitution of enzyme glyphosate tolerance of AroA
in vivo
To determine whether the reconstituted AroAwas glyphosate
tolerant, the growth curves of E. coli aroAmutant AB2829 har-
boring pACYC-aroAP. putida-N210/pBR-aroAP. putida-C212, or
pACYC-aroAE. coli, or pACYC-aroAP. putida were tested in li-
quid M63 minimal medium containing various concentrations
of glyphosate. The cells harboring pACYC-aroAP. putida-N210/
pBR-aroAP. putida-C212 or pACYC-aroAP. putida grow well in
the presence of 50 or 100 mM glyphosate. As control, cells har-
boring pACYC-aroAE. coliwas strongly inhibited in the presence
of 50 or 100 mM glyphosate (Fig. 5). In parallel, when the point
mutation G96A required for glyphosate-tolerance of the intact
AorAE. coli was also introduced into the system, the E. coli aroA
mutant AB2829 harboring pACYC-aroAE. coli-N218-G96A/
pBR-aroAE. coli-C219 grows well in the presence of 50 or
100 mM glyphosate (data not shown). Taken together, these re-
sults suggest that glyphosate tolerance of AroA could also be
reconstituted in parallel with its enzyme activity.4. Discussion
In the present study, we report, for the ﬁrst time, that
functional P. putida AroA could be reconstituted from two
inactive fragments AroAP. putida-N210 and AroAP. putida-
C212 by fragment complementation in vivo (Fig. 1). Based
on the result of sequence analysis, further studies were car-
ried out on the more distant E. coli AroA, (when compared
with P. putida AroA, see Ref. [7]). The results indicate that
a functional enzyme could also be reconstituted by fragment
complementation under both in vivo and in vitro conditions
1526 Y.-C. Sun et al. / FEBS Letters 580 (2006) 1521–1527(Figs. 2 and 3, Table 2), suggesting that the fragment com-
plementation property of this family of enzymes may be
quite general.
In contrast, previous studies showed that S. typhimurium
AroA could not be reconstituted from two inactive fragments
[15]. This is probably due to the fact that split site chosen is not
suitable for fragment complementation. Indeed, in this study,
when an equivalent split site was chosen for E. coli AroA,
no functional complementation could be observed (Figs. 2
and 3, Table 2).
The split sites for functional reconstitution complexes of
AroAP. putida-N210/AroAP. putida-C212 and AroAE. coli-N218/
AroAE. coli-C219 were located in a region with poor sequence
conservation. This ﬁnding is consistent with previous observa-
tions [11,19]. However, splitting the enzyme in poorly con-
served region does not always result in functional
complementation. As mentioned above, for fragments
AroAE. coli-N234 and AroAE. coli-C235 in this study (Figs. 2
and 3, Table 2), and similar case for AroAS. typhimurium [15],
although their split sites were also located in the same region
(poorly conserved), no active complex was formed.
The renatured enzyme fragments mixture of AroAE. coli-
N218 and AroAE. coli-C219 shows only 3.7% of intact enzyme
activity. When AroAE. coli-N218/AroAE. coli-C219 complex was
further puriﬁed by gel ﬁltration, this in vitro reconstituted
complex shows an increase to 71% of the intact enzyme activity
(Table 2). Therefore, it seems likely that the low enzyme activ-
ity (3.7%) tested in the renaturation mixture is mainly due to
poor reconstitution of the fragments, rather than low activities
of the reconstituted enzyme complex (71% from the complex
versus 100% from the intact). In agreement with this notion,
it was also observed that the enzyme activity reconstituted
in vivo is only 9% that of intact enzyme (Fig. 3). Therefore,
low eﬃciency of enzyme reconstitution is likely to be one of
the major contributions for the low speciﬁc activity of reconsti-
tuted enzyme under in vivo conditions.
Concern about gene ﬂow from crops to their wild relatives has
become widespread with the increasing cultivation of geneti-
cally modiﬁed plants [20,21]. For instance, when the intact her-
bicide tolerance aroA gene was used as a marker, evidence has
been obtained for pollen-mediated gene ﬂow from a transgenic
A. stolonifera to its residentAgrostis spp. located at distances up
to 14 km [22]. It has been proposed that transgene ﬂowwould be
prevented or limited by dividing the gene into two inactive frag-
ments and placing one fragment in the nucleus and the other in
the chloroplast [15,23]. This strategy requires that not only both
partial proteins are inactive but also they can come together to
form an active complex. Previous studies showed that glyphos-
ate tolerant AroA could be reconstituted from two inactive
fragments using intein as an aﬃnity domain in E. coli andNico-
tiana tabacum [15,23]. In this report, we demonstrate, for the
ﬁrst time, that glyphosate tolerant AroA could also be reconsti-
tuted directly from two inactive AroA fragments in E. coli.
Transgenic plants with a portion of the AroA gene in the chlo-
roplast and the rest in targeted chromosomes would be a way to
eliminate or reduce the possibility of the transgene migration.
To achieve this goal, more work is underway. For instance,
we are currently trying to ﬁnd other suitable split sites on AroA
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